We have analysed the cell lineage relationships between larval and imaginal mesodermal primordia at the blastoderm stage by homotopic single cell transplantations. The primordia of adepithelial cells, the precursors of adult thoracic muscles, are restricted to the region from 50 to 65% egg length within the ventrally located mesodermal anlage. Clones of adepithelial cells always show a common cell lineage with larval muscles and in some cases additionally with larval fat body. This proves that at the blastoderm stage the determination of larval vs. imaginal mesodermal primordia has not yet taken place. Larval somatic muscle clones, in contrast to clones in the ectoderm, can overlap several segments, whereas clones of adepithelial cells are always restricted to imaginal discs of one segment. © 1997 Elsevier Science Ireland Ltd.
Introduction
During embryonic development the mesoderm differentiates the fat body, somatic and visceral muscles and the circulatory system of the larva (Poulson, 1950; Sonnenblick, 1950; Fullilove and Jacobson, 1978; CamposOrtega and Hartenstein, 1985; Bate, 1993) . The larval somatic muscles differentiate a complex pattern underneath the epidermis (Poulson, 1950; Crossley, 1978; Campos-Ortega and Hartenstein, 1985; Bate, 1990) , whereas the imaginal myoblasts are closely associated with the imaginal discs in the thorax (Poodry and Schneiderman, 1970) and form several clusters separate from the histoblasts in the abdomen (Currie and Bate, 1991) .
Since larval muscles are of mesodermal origin (Poulson, 1950; Crossley, 1978) one can assume that the precursors of adult muscles also derive from the mesoderm. Gynandromorph analyses (Hotta and Benzer, 1972; Deak, 1977) imply that the prospective adult myoblasts are situated in the embryonic mesoderm. Transplantation experiments with imaginal discs or parts thereof (Ursprung et al., 1972; Lawrence and Brower, 1982) have shown that the imaginal discs contain the precursors of adult muscles and that only those disc fragments with so-called adepithelial cells are able to differentiate adult muscles. Further studies could directly demonstrate the differentiation of adult muscles from these myoblasts (Reed et al., 1975; Fernandes et al., 1991) . Cell lineage analyses using mitotic recombination (Brower et al., 1981; Lawrence and Johnston, 1982, 1986) have shown that the adepithelial cells and the muscles of the imago are of mesodermal origin. Furthermore, the adult thoracic muscles of each segment have a separate origin in the blastoderm (Lawrence, 1982) . were able to demonstrate that twistexpression, which is characteristic of mesodermal primordia, appears continuously in certain cells throughout germband retraction until they form part of the larval primordia of adult muscles.
Transplantation experiments carried out by Beer et al. (1987) at the onset of gastrulation, and our own heterotopic transplantations, showed that the cells of the mesoderm anlage already constitute the mesoderm germ layer, and that the mesodermal primordia of larval tissues, e.g. fat body and somatic and visceral muscles, can still have a common cell lineage. With the transplantation method described by Meise and Janning (1993) transplantation of genetically marked single cells is possible as early as Table 1  Distribution of clones after homotopic or heterotopic single cell transplantation in the mesodermal anlage   Method  Tissues   Fat body  Somatic  Fat body and  Adepithelial cells  muscles  somatic muscles  and somatic muscles a   Total   Homotopic  n  48  92  52  14  206  %  23  45  25  7  100  He~rotopic  n  6  14  4  0  24  %  25  58  17  0  100 aAnd fat body in seven cases (see Table 2 ). Some further larval mesoderrnal derivatives were found in a few clones. In one case, a clone labelled a lymph gland overlapping with somatic muscle. Only one clone in the visceral muscles of the midgut was found, overlapping with fat body (see Sections 3 and 4).
the cellular blastoderm stage. This is of special interest with regard to the mesodermal cells since they are accessible on the embryonic surface only at the blastoderm stage before they invaginate. Our results demonstrate a common cell lineage of all thoracic mesodermal derivatives at the blastoderm stage, hence the undetermined state of mesodermal cells relative to their final fate. Clones in the larval somatic muscles can overlap several segments and after homotopic transplantations were found preferentially in ventral and lateral positions. Heterotopic transplantations from mesoderm into lateral ectodermal regions result in muscle clones preferentially at dorsal positions. Furthermore, we show that the primordia of adepithelial cells as precursors of adult muscles are located within the mesodermal anlage in a region between 51 and 65% EL (egg length, 0% EL = posterior pole) and without exception share a common cell lineage with larval somatic muscle primordia. Whereas the larval part of a clone can overlap segmental boundaries, the adepithelial-cell part is always restricted to imaginal discs of one segment. This finding connects the results of Lawrence (1982) and Beer et al. (1987) inasmuch as larval cells and imaginal cells were found together in single clones.
Results

Adepithelial cells have a common cell lineage with larval mesodermal derivatives
A total of 666 transplantations were carried out, of which 462 embryos reached the third larval instar. Of these larvae, 218 showed a clone deriving from the transplanted cell, corresponding to a clone frequency of 47% of all surviving larvae. Twelve of these clones labelling the ventral ganglion are not further discussed. They originate from transplantations in which the donor cells came from the mesoderm-ectoderm border at about 30% VD (VD = ventral-dorsal, 0% VD = ventral).
We found clones in the fat body and in the somatic muscles, frequently overlapping both tissues (Table 1 ). In addition, clones were found not only in the larval mesodermal tissues but also on imaginal discs, where they can be identified as adepithelial cells (Table 1) , clearly distinguishable from the remaining epithelium of the imaginal discs. Clones of adepithelial cells appear with a frequency of 7% in the whole mesodermal region examined. In these 14 clones, and in six additional clones from other experimental series, the adepithelial cells of all ventral and dorsal thoracic imaginal discs were labelled at least once ( Table 2 ).
The precursors of adepithelial cells were found between 51% and 65% EL, i.e. posterior to the subsequent cephalic furrow, and generally between 0% and 10% VD (Table 2) . This region occupies the same EL position as do the precursors of the thoracic imaginal discs in the ectoderm, as shown by Janning (1993, 1994) .
The distribution of adepithelial cells on a wing imaginal disc and on a haltere disc is shown by the enhancer trap line ES066 (Fig. 1A) . In the wing disc the cells are found throughout the region of the prospective notum. The expression of/3-galactosidase in the notum region of the haltere disc is confined to a subdomain. Fig. 1B shows an antibody-stained, frontally sectioned wing imaginal disc of this line. This section reveals the difference between the imaginal disc epithelium and the stained adepithelial cells, which are not as densely packed as the ectodermal epithelial cells and once again are only found in the region of the prospective notum. It should be kept in mind that not all adepithelial cells are visible in this figure due to the plane of section. Fig. 1C shows a clone of adepithelial cells on a wing disc resulting from transplantation of a single blastoderm cell. The clone consists of at least 80 cells that are stained blue and restricted to the region of the notum anlage. Comparison with the staining of adepithelial cells in the enhancer-trap line ES066 (Fig. 1A) reveals that not all adepithelial cells are labelled by the clone. The cells in adepithelial cell clones on haltere imaginal discs are distributed like those in clones on wing imaginal discs, but the former clones are clearly smaller (Fig. 1D) .
The distribution of adepithelial cells on leg imaginal discs, however, is completely different from that found on wing and haltere discs, as shown by the mesothoracic leg imaginal disc of line ES066 in Fig. 2A . The adepithelial cells are situated in the folds of the disc epithelium. Starting from a central region, they are distributed in Table 2 Clones with participation of adepithelial cells (homotopic transplantations between 50--65% EL and mainly 0-10% VD) almost concentric rings on the imaginal disc. Furthermore, they are also found in the marginal disc region. Two clones of adepithelial cells are shown in Fig. 2B ,C. The distribution of the ceils of these clones corresponds to the staining of adepithelial cells of line ES066, and the distribution on meso-and metathoracic leg discs is in principle the same. Only the clones of adepithelial Cells on prothoracic leg discs show a particularity: here a clone can overlap both leg discs of the segment (see also Table 2 ). This was never observed for all other imaginal discs. In meso-and metathorax, the only clones that overlapped imaginal discs were located within one hemisegment (wing and second leg disc or haltere and third leg disc at the same time; see also Fig. 1C and 2C, and Table 2 ). Adepithelial cells were also found on the peripodial stalk. This corresponds to the staining of adepithelial cells in line ES066. The largest clones of adepithelial cells seemed to include most if not all adepithelial cells of one disc ( Fig. 1D and Fig. 2B ).
A common feature of all adepithelial cell clones is that they overlap with larval somatic muscles. The corresponding parts of clones in larval muscles are always situated on the same side and in the same segment as the labelled imaginal disc. The partial clones in the larval musculature can overlap the segment boundaries as is apparent in Fig.  3B and in no. 14 in Table 2 . There is one possible exception (clone no. 10, Table 2), in which the preparation was difficult to analyse. Frequently, additional parts of clones are also found in the larval fat body.
In four cases, in which we were able to analyse the larval muscle tissue in more detail, clones of adepithelial cells were always labelled together with the same muscle, namely muscle 24' (according to the nomenclature of Crossley, 1978 , modified according to Hooper, 1986) . Two of these clones were found in the second thoracic segment overlapping with adepithelial cells on the wing imaginal disc and second leg disc and two clones were found in the third thoracic segment (Fig. 3C) overlapping with adepithelial cells of haltere and third leg imaginal discs. In all of these clones additional muscles were also labelled.
Clones in larval mesodermal derivatives
Most of those clones which are restricted to larval mesodermal tissues (93% of all mesodermal clones) exclusively label the larval somatic muscles of the three thoracic and the first and second abdominal segments. The clones appear to be rather diverse, ranging from clones within a single muscle to labelled groups of muscles up to clones in which several muscles in two or even three segments are marked. Of all muscle clones, 70% extend over one, 22% over two and 7% over three segments. Fig. 3B gives an impression of the extent of a somatic muscle clone.
Labellings were found in all groups of muscles, but ventral and lateral clones were more frequent than dorsal clones (Table 3) . In contrast to these findings, muscle clones that were found after heterotopic transplantations Rizki, 1978) . (B) Muscle clone which extends over two segments (laterally in T3 and A1) (anterior to the left) and which at the same time overlaps with adepithelial cells of the haltere imaginal disc and the third leg disc (clone no. 14, see Table 2 ). (C) Muscle clone laterally in T3 (anterior is up) in which muscle 24" is labelled together with adepithelial cells of the third leg imaginal disc (not shown).
(n = 105, clone frequency = 44%; Table 1 ) preferentially labelled dorsal and dorsolateral larval muscle groups of the three thoracic and first abdominal segments (Table 3) .
In larval muscles an unambiguous determination of the number of cells belonging to a clone was, in contrast to the fat body clones, not possible (see Section 3). As already described for the first leg discs, we also observed clones in the larval musculature that extend on both sides of the larva at the same time. These clones can be bilaterally symmetrical or, for example, can be situated on the right side of the larva in one segment and on the left side in the adjacent segment.
Clones in the fat body are situated in the anterior regions of the fat body in the vicinity of the salivary glands (regions 1, 2a, 2b and rarely 3a; modified after Rizki, 1978) (Table 4 ). In most cases cells of the clone are tightly clustered in groups (Fig. 3A) or are only separated by a few non-labelled cells. Nevertheless, we also found larger clones extending over two fat body regions (see also Tables 2, and 4) which can be spatially separated. Therefore, it is not possible to correlate a distinct anterior fat body region with a single transplantation site. As was found for some clones in larval musculature, we observed clones in the fat body tissue on both sides of the larva. Clones that exclusively label the larval fat body comprise 2-16 cells with a mean number of 7.1 cells. Fat body clones overlapping with other tissues consist of 2-12 marked cells with a mean number of 4.8 cells. The mean clone size of all homotopic fat body clones is 5.8, and that of heterotopic clones is 6.0. The clones generally consist of an even number of labelled nuclei.
In transplantations posterior to 50% EL fat body parts 1, 2a and 2b are never marked (Klapper et al., in preparation). Additional clones from other experimental series (data not shown) show an anterior extension of the fat body anlage to 65% EL. Therefore, it is possible to estimate the size of the anterior fat body anlage from the fraction of the mesodermal clones that are fat body clones (52% between 50 and 60% EL, Table 1 ). The area from 50 to 65% EL corresponds to nearly four ectodermal segments and the mesodermal portion contributes 50-70 cells per segment (Bate, 1993) . Therefore, the anlage of the fat body parts 1, 2a and 2b comprises 104-146 cells (four times 52% of 50-70 cells). With a mean clone size of 5.8 cells the calculated cell count in the larval anterior fat body regions amounts to 603-844 cells. Cell counts for these fat body regions in donor larvae give 585 + 23 cells (n = 26). aFat body regions modified after Rizki (1978) : 2a = 2', etc.; bilat., bilaterally.
Very often, the descendants of a transplanted cell are not restricted to one of the two larval mesodermal derivatives previously described; these clones, which overlap both types of tissues, account for 25% of the total number of clones (Table 1) .
Discussion
Cell lineage of adepithelial cells
Our cell lineage analysis is limited to the blastodermal anlage of the mesoderm between 50 and 60% EL. It shows the common cell lineage of larval fat body and somatic muscles of the thorax and a preferential location for labelled muscles in the ventral and lateral muscle groups. These findings confirm the results of Beer et al. (1987) .
In these experiments only seven dorsal muscle clones resulted from transplantation between 0 and 30% VD. Only in heterotopic transplantations did we find clones preferentially located in dorsal muscles. We conclude that in the main mesodermal anlage there is only a small number of precursors for the dorsal mesoderm.
A visceral muscle clone was found in one case only. This may be due to the weak expression in the visceral musculature of the midgut of the donor strain used. The midventral transplantation site or the background staining in pericardial cells could be the explanation for the absence of expected clones in the larval dorsal vessel. One clone was found in the lymph gland that had a cell lineage in common with dorsal musculature. Probably the blastodermal anlage for the lymph glands is also very small and may be part of the dorsal meso-derm. and Currie and Bate (1991) analysed cells which continue to express twist after differentiation of the embryonic myoblasts up to metamorphosis and therefore presumably have a common cell lineage with mesodermal cells of the early embryo. We have shown that the adepithelial cells of the thoracic imaginal discs always share common precursor cells in the blastoderm with the larval somatic muscles and in some cases additionally the larval fat body. Furthermore, some clones of adepithelial cells on imaginal discs of the second and third thoracic segment extend to muscle 24' of the respective segment. Carmena et al. (1995) have shown that in the abdomen the ventral adult muscle precursor is the sibling of a larval muscle founder cell: both cells are characterized initially by $59 expression and derive from a single mesodermal muscle progenitor that expresses lethal of scute. Therefore, it might be possible that also in the thorax the adepithelial cells are clonally related to thoracic larval muscle founder cells, although the abdominal imaginal myoblasts differ from adepithelial cells in number, in spatial distribution and in their relationship to ectodermal imaginal derivatives Currie and Bate, 1991) .
The finding that a clone deriving from a single transplanted cell frequently comprises only a fraction of the adepithelial cells of an imaginal disc indicates that the adepithelial cells of one imaginal disc may consist of descendants of different blastoderm cells and therefore may not be clonally related. On the other hand, the progeny of one transplanted cell can occupy more than one imaginal disc: for example, wing and second leg at the same time or both prothoracic leg discs. Clones overlapping two discs confirm the results of Lawrence (1982) obtained from mitotic recombination experiments. His data demonstrate that imaginal muscle clones in the thorax can overlap groupsof dorsal and ventral muscles and that prothoracic leg muscle clones can overlap two hemisegments after irradiation at the blastoderm stage. described progenitors of adepithelial cells in 13-h-old embryos as twist-expressing groups of cells that are located as partitioned clusters between the dorsal and ventral imaginal discs in T2 as well as in T3. Since we found clones of adepithelial cells overlapping the two discs of one hemisegment in these segments we conclude that the partitioned twist-expressing cell clusters can be clonally related.
Determination of mesodermal cells at the blastoderm stage
Heterotopic transplantations at blastoderm stage and at the onset of gastrulation (Beer et al., 1987) and our own experiments show that the germ layer identity of mesodermal cells is already determined at the blastoderm stage since they are able to differentiate mesodermal derivatives like fat body and muscles after transplantation into the ectoderm. Furthermore, the common cell lineage of all thoracic mesodermal derivatives shows the undetermined state of the blastoderm cells with regard to their final fate.
Clones overlapping larval and imaginal mesodermal derivatives show that in the mesoderm the future larval or imaginal fate of cells is not yet determined at the blastoderm stage. A corresponding observation was made by Meise and Janning (Meise and Janning, 1993; Meise and Janning, 1994) for the ectoderm at the onset of gastrulation. In addition, there are no data from cell lineage analyses indicating that distinct cell groups become singled out for exclusively differentiating adult structures before gastrulation (Truman and Bate, 1988; Bate and MartinezArias, 1991; Prokop and Technau, 1991) . A relatively late postblastodermal commitment of larval versus imaginal fate of embryonic cells could be a general principle of Drosophila development (see also Harbecke et al., 1996) . This has been shown by Carmena et al. (1995) for the division of a muscle progenitor cell into the imaginal ventral adult muscle precursor and a larval muscle founder cell in the abdomen at stage 12.
Clones in the somatic larval muscles that can extend over up to three segments show that in the blastoderm a segmental restriction of mesodermal cells has not yet taken place. Even at the onset of gastrulation there is no indication of such a segmental restriction (Beer et al., 1987) . Presumably, in the mesoderm the commitment of cells to distinct segments occurs later than in the ectoderm, in which a segmental restriction has already taken place before the first postblastodermal mitosis (e.g. Garcia-Bellido et al., 1973) . Nevertheless, in contrast to the larval mesoderm the primordia of imaginal myoblasts seem to be segmentally restricted at the blastoderm, since clones of adepithelial cells were never associated with imaginal discs of more than one segment. This finding is consistent with the observation that clones in adult thoracic muscles obtained from mitotic recombination induced at the blastoderm have a separate origin in every segment (Lawrence, 1982) .
There are two main reasons for rejecting the argument that clones in larval muscles overlapping more than one segment could possibly be transplantation artifacts. Firstly, cells transplanted into the ectoderm at the blastoderm stage or at the onset of gastrulation always give rise to clones that are restricted to one larval or imaginal segment (Technau, 1987; Meise and Janning, 1993; Meise and Janning, 1994) . If artifacts occur because of the technique applied they should appear in all germ layers. Secondly, clones of adepithelial cells are alway s restricted to one segment while the accompanying clone parts in the larval muscles can overlap neighbouring segments. It is hardly credible that only larval mesodermal cells show an atypical behaviour while imaginal cells do not, especially since they have a common cell lineage.
In summary, we found evidence to reconcile the findings of Lawrence (1982) with those of Beer et al. (1987) in individual clones: whereas the larval part of a clone can overlap segmental boundaries, the part comprising adepithelial cells is always restricted to imaginal discs of one segment.
Clone sizes
Clones in the fat body can comprise up to 16 cells, with a mean size of 7.1 cells. This indicates that a transplanted cell in the mesoderm can undergo up to four mitoses, although more frequently only one to three mitoses take place. Similar results were obtained by Beer et al. (1987) . Furthermore, according to Bate (1993) three postblastodermal mitoses are not sufficient to give rise to all larval and imaginal mesodermal derivatives. He described a fourth mesodermal division at late stage 11 in the mesoderm. The transplantation results described here and the data published by Beer et al. (1987) indicate that there is a variable number of post-blastodermal mitoses in the fat body. The result of our calculation of the cell number in the anterior larval fat body parts coincides with direct cell counts, if we assume 50 cells in the mesodermal portion of each embryonic segment. We therefore suggest that the variable proliferation rate mirrors the normal variation of cell proliferation and clone sizes.
In muscle clones an unambiguous determination of clone size is not possible because many of the marked muscles contain nuclei with variable staining intensity or even unstained nuclei. This phenomenon is presumably due to the syncytial character of larval somatic muscles, because differentiating muscles do not grow by cell divisions but by fusion with surrounding cells (Bate, 1990; Dohrmann et al., 1990) . Since the P-element contains a nucleus import sequence for /3-galactosidase (Ghysen and O'Kane, 1989) it is conceivable that the/3-galactosidase produced in the cytoplasm of the syncytium is reimported into the nuclei that contain the P-element but also imported into neighbouring nuclei that are not descendants of the transplanted cell. This could also explain the gradi-. ent-like staining intensity of nuclei in a single muscle that was observed in several cases.
Experimental procedures
Stocks and immunocytochemistry
As donor for transplantation, we used the strain SW005 with the genotype P[1ArB]; ry 5°6 (2;3) (Sachs, Wedekind and Janning, unpublished), which exhibits uniformly intense /3-galactosidase expression in almost all larval and imaginal tissues of the third instar larva. Only in the gonads, the pericardial cells and the visceral muscles of the midgut is expression weak. The strain CG9 was isolated by Knipple and Maclntyre (1984) as a null mutation for the/3-galactosidase-1 gene and served as recipient in transplantation experiments. In larvae there is background staining of pericardial and garland cells.
For histological observation of adepithelial cells we used the strain ES066 with the genotype y w P-lacW (Stidbeck and Janning, unpublished), which in third instar larvae specifically expresses/3-galactosidase in the ventral ganglion and in the adepithelial cells of all thoracic imaginal discs and of the genital disc. Third instar larvae of this strain were dissected and antibody stained with the Vectastain ABC kit following standard protocols. The stained imaginal discs were prepared as serial sections.
Single-cell transplantation
Cells were transplanted from the mesodermal anlage of donor embryos, from a region between 50-60% EL and 0-30% VD, into homotopic positions of host embryos. The transplantation region contains the anlage of the mesoderm, according to fate maps (Poulson, 1950; Campos-Ortega and Hartenstein, 1985) and to the expression patterns of mesoderm-specific genes (Thisse et al., 1988; Leptin and Grunewald, 1990; Leptin, 1991) . The transplantations performed cannot be called precisely homotopic since generally up to ten cells are removed from the donor. The transplantation procedure followed the technique of Meise and Janning (1993) . The cells were transplanted at the proper blastoderm stage (stage 5 of CamposOrtega and Hartenstein, 1985; late stage 5(2) Or 5(3) of Lawrence and Johnston, 1989) when the sheet of mesodermal anlagen ceils is still at the surface of the embryo. Although blastoderm cells are connected to the yolk by cytoplasmic bridges (Rickoll, 1976; Rickoll and Counce, 1980; Technau and Campos-Ortega, 1985; Technau, 1986) , transplantations are feasible at the same success rate as in later stages (Meise and Janning, 1993) because the cells apparently close in the transplantation solution by assuming a round shape.
In heterotopic transplantations, single cells were transplanted from the mesodermal anlage of blastoderm stage donor embryos into the lateral ectoderm at about 40-50% VD of host embryos at blastoderm or, in most cases, at early gastrula stage.
Genetic labelling allows the identification of descendants of the transplanted cell in larval as well as in imaginal tissues. Hatching larvae were raised in single culture and dissected as third instar larvae, In some cases, spreading of muscles was achieved by briefly dipping the larvae into a 60°C water bath (Hooper, 1986) . Histochemical demonstration of/3-galactosidase expression was carried out as described by Meise and Janning (1993) .
